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Abstract

Sections

Cognition and behaviour arise from computations in neural circuits,
which candifferintheir readiness for recruitment or in the computations
and behavioural outputs that they generate. Mitochondria contribute

to both circuit properties and their variability by shaping the cellular
processes on which circuit function depends. Across neurons and glia,
mitochondria provide bioenergetic support, regulate Ca** dynamics and
reactive oxygen species levels, influence neurotransmitter synthesis and
turnover, and sustain quality control programmes that preserve cellular
integrity. The capacity of mitochondria to provide this supportand
their plasticity have been linked to circuit architecture, engagement

and adaptation, with implications for learning and memory, reward

and reinforcement, state-trait anxiety and motivation. Here we describe
two complementary modes of mitochondrial support: abaseline mode,
inwhich mitochondria sustain circuit architecture and physiological
properties over long timescales, and an activity-evoked mode, in which
local mitochondrial outputs support synaptic transmission and plasticity.
Distinguishing these two modes helps to explain how behavioural
modulators, including stress hormones, immune activity and metabolic
signals, can shape behaviour by altering either baseline mitochondrial
control of circuit readiness or activity-evoked mitochondrial support
during circuit engagement.
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Introduction

Cognitionand behaviour emerge from neural computations (defined
here asthe transformation of synaptic, intrinsicand modulatory inputs
into activity patterns that supportinformation processing and behav-
ioural outputs) carried out by distributed neural circuits. Although
much progress in understanding brain function has come from map-
ping circuit architecture and identifying the pathways engaged by
specifictasks (thatis, pathways that exhibit task-relevant activity pat-
terns), wiring alone does not explain why individuals differ in how
readily they engage those circuits or which behaviours they expressin
agiven context". A key reason for this is that neurons are not passive
‘cables’; they are metabolically active cells whose intracellular orga-
nelles sustain and regulate circuit function. Mitochondria are central
to this physiologicalinfrastructure: their multifaceted functions help
to establishand maintain the cellular architecture and core physiologi-
cal conditionsthat set the ‘baseline’ state of a circuit, and they provide
rapid metabolic and signalling support operations during behavioural
engagement of the circuit. Thus, mitochondria are multifunctional
determinants of circuit computations. Emerging evidence indicates
that the capacity and plasticity of mitochondria vary among cells
and individuals and that this variation can influence how circuits are
maintained and recruited to shape behaviour and cognition.

Much of the early evidence connecting mitochondria to cog-
nition and behaviour derived from clinical and neuropathological
research, in which convergent evidence across neurodegenerative
conditions pointed to compromised energy production, oxidative
stress and impaired mitochondrial quality control*”. Subsequent
reports described similar mitochondrial abnormalities in post-mortem
brain tissue and peripheral cells from individuals with psychiatric
conditions®°, and epidemiological and clinical studies highlighted a
substantial psychiatricburdenin primary mitochondrial diseases”, pro-
viding early support for theidea that mitochondrial alterations might
contribute to cognitive alterations in these conditions’. However, as
these observations were largely correlational, they did not resolve
whether mitochondrial alterations are causal drivers or downstream
consequences of cognitive dysfunction, compensatory responses to
such deficits, or amixture of these possibilities. More recently, clinical
and preclinical studies have begun to provide mechanistic evidence,
identifying specific mitochondrial alterations that are linked to vulner-
ability to behavioural and cognitive disorders'>"". In parallel, studies
investigating cellular mechanisms have shown that mitochondrial
functions shape cellular properties that are relevant to circuit structure
and function evenin the absence of overt pathology'®”. This has facili-
tated an emerging body of circuit-level relevant work examining how
mitochondrial processes shape circuit function — from synaptic and
subcellular mechanismsto, increasingly, in vivo analyses of how mito-
chondrial states or specific perturbations affect circuit engagement —
that has linked mitochondrial processes to the circuit properties and
computations that underlie cognition and behaviour® >,

Achieving an understanding of the ways in which mitochondria
shape circuit properties and computations requires looking beyond
neurons. Astrocytes regulate neuronal energy availability through
activity-dependent metabolic coupling that includes the provision
of glycolysis-derived substrates that support neuronal mitochondrial
metabolism?*%, Microglial mitochondrial function shapes the brain’s
neuroinflammatory tone and synapse-circuit coupling®, which can
in turn influence neuronal physiology. Through these mechanisms,
mitochondriatranslate the metabolic and redox states of different cell
typesinto changesin circuit function.

In this Review, we first outline several core mitochondrial func-
tions that support neural computations and discuss how these
functions are deployed across neuronal compartments and how
glial-driven mitochondrial adaptations shape neuronal physiology.
Wethen link these mechanisms to cognitionand behaviour, focusing on
learning and memory, reward and reinforcement, and state-trait anxiety
and motivation as representative domainsin which our understanding
of mitochondrial function at the circuit level is currently most devel-
oped, while notingemerging links to other state-dependent behaviours
(such as feeding and sleep-wake regulation). Finally, we examine the
ideathat stress and related endocrine, immune and metabolic signals
modulate cognition and behaviour in part through their effects on
mitochondrial function.

Key mitochondrial functions

Mitochondria support neural computations through a set of interde-
pendent processes that sustain cellular architecture and meet fluc-
tuating local physiological demands across neuronal and glial cells.
Although mitochondria have numerous biosynthetic and signalling
roles within cells*°?, we focus here on five core processes that are
directly relevant for neural circuit operation (Fig. 1).

ATP supply and substrate utilization

Within mitochondria, oxidative phosphorylation (OxPhos) drives
electrons through the electron transport chain (ETC), a set of protein
complexes in the inner mitochondrial membrane. Electron transfer
throughthe ETC pumps protons across this membrane, generating the
proton-motive force that powers ATP synthase and thereby supports
ATP production (Fig. 1). Mitochondrial ATP provides an immediate
source of usable cellular energy that supports the biosynthesis and
gene expression required to maintain neuronal and glial architecture,
aswell as energetically demanding neuronal processes such asaction
potential propagation, synaptic transmission and the restoration of
ionic gradients® .

Under most physiological conditions, glucose is the main fuel that
supports brain ATP production, whether viamitochondrial OxPhos or
glycolysis. It is first metabolized through cytosolic glycolysis, which
converts glucose to pyruvate and produces a small, rapidly available
pool of ATP. Mitochondrial oxidation of pyruvate fuels the tricarboxylic
acid (TCA) cycle and generates NADH and FADH2, which act as electron
donorstodrive OxPhos and support greater ATP output than glycolysis
alone. Importantly, lactate can also contribute to mitochondrial ATP
supply because it canbe converted to pyruvate, feeding the same oxi-
dative entry point. Thus, ATP availability depends not only on which
substrates are available but also on the metabolic fate of pyruvate; in
particular, the extent to which pyruvate generated from glucose or
lactate is oxidized in mitochondria rather than converted to lactate.
Depending onavailability and context, additional substrates —such as
ketone bodies and fatty acids — can also contribute to mitochondrial
ATP production and, thus, support synaptic function® .

In neurons, mitochondrial metabolism can adapt to local meta-
bolicdemands within specific neuronal compartments, including den-
driticand axonal regions at or near active synapses, thereby supporting
dendritic plasticity*° and helping to match ATP production to synaptic
activity and vesicle cycling**2. Synapticactivity also increases neuronal
glycolysis**** and local glycolytic capacity at synapses by promoting
surface exposure of glucose transporters* and by forming glycolytic
metabolons, localassemblies of glycolytic enzymes that accelerate ATP
production near sites of demand*¢. Recent work further suggests that
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Fig.1| Core mitochondrial functions that support neuronal circuit functions.
Schematic overview of five core and interdependent mitochondrial outputs that
support circuit operation across neuronal compartments and astrocytes. The
figureis not drawn to scale and uses an enlarged mitochondrion toillustrate the
main processes. a, Mitochondria generate adenosine triphosphate (ATP) through
the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OxPhos),

using substrates such as glucose-derived pyruvate and astrocyte-derived lactate,
which canbe converted to pyruvate”'*, Pyruvate is imported into neuronal
mitochondria and converted into acetyl-CoA, which fuels the TCA cycle, electron
transport chain (ETC) activity and ATP synthesis, thereby supporting a myriad

of energy-demanding cellular and synaptic processes®***. b, Electron transfer
through the ETC can generate reactive oxygen species (ROS) that require
buffering by antioxidants such as glutathione (GSH), superoxide dismutase
(SOD) and catalase (CAT) to preserve cellular integrity but canalso act as local
signals. When ROS production exceeds buffering capacity, excess ROS can

damage mitochondrial and cellular components®****, ¢, Mitochondria shape Ca**
dynamics by importing activity-evoked cytosolic Ca* through the mitochondrial
calcium uniporter (MCU), whichis regulated in neurons by MICU3, by exporting
Ca* through pathways that include leucine zipper and EF-hand-containing
transmembrane protein1(LETMI) and the mitochondrial Na*/Ca** /Li* exchanger
(NCLX), and by coupling to endoplasmic reticulum (ER) Ca?* release sites*>*+°%1%°,
These mitochondrial Ca* transients help to regulate metabolic output by
stimulating the TCA cycle and OxPhos activity and, thus, matching ATP production
tolocal activity-dependent demands*****’”2, d, Glutamine is transported from
astrocytes into neurons and converted to gluatamate by their mitochondria,
followed by synthesis of GABA and loading into synaptic vesicles (SVs). Monoamine
oxidase (MAO) on the outer mitochondrial membrane contributes to monoamine
turnover”>”*7%%°, e, Remodelling and surveillance pathways, including fission-
fusion balance, mitophagy and biogenesis, maintain mitochondrial competence
and sustain these outputs over time®****°>*, CytC, cytochrome ¢; Q, ubiquinone.

neuronal glycogen may provide an additional metabolic reserve for
glycolysis during elevated synaptic demand*’*%, The metabolic inter-
play between glycolysis and mitochondrial metabolism is important
because ATP can be rate-limiting for synaptic transmission and plastic-
ity under some conditions. Inline with this, disrupting activity-driven

ATP synthesis impairs synaptic function in rodent neuronal cultures
and long-term memory formation in Drosophila*-*.

Importantly, mitochondrial fuel use and bioenergetic organiza-
tionare cell-type-specificin the brain. Astrocytes often exhibit amore
glycolytic profile than neurons® — that s, they have greater reliance on
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glycolysis for ATP generation and atendency to route glucose-derived
carbon towards production of lactate, which can be released as an
oxidative substrate for neurons. Astrocytes also exhibit a distinct ETC
organization, which contributes to cell-type differences in oxidative
capacity and ETC-derived signalling outputs®. In vivo, astrocytes can
also engage in alternative fuel utilization, including fatty acid oxida-
tion, which can remodel ETC organization and associated signalling
outputs®2 Therefore, brain energy supply is not simply a question
of how much ATP mitochondria can produce but also of which fuels
areavailable, which cell types process them and how metabolic fluxis
matched tolocal circuit demand.

Oxidative balance and ROS signalling

Mitochondrial reactive oxygen species (ROS), predominantly
superoxide (0,7) and hydrogen peroxide (H,0,), are chemically
reactive oxygen-derived molecules that arise primarily when a small
fraction of electrons leaks from the ETC to reduce oxygen during
oxidative phosphorylation (Fig. 1). When present at high levels, ROS
candamage cellular components (suchaslipids, proteins and nucleic
acids) and compromise mitochondrial and cellular functions. Oxidative
balance depends on how ROS production is counteracted by antioxi-
dant buffering systems, including glutathione and enzymes such as
superoxide dismutase and catalase™**. However, ROS canalso function
asregulated signals. Indeed, transient and localized ROS elevation
can modulate cell differentiation programmes (in progenitors and
glia, for example), synaptic function and metabolic adaptation, with
implications for cognition® %,

Neurons and glia maintain different basal redox conditions and
buffering regimes and, consequently, experimental perturbations
of mitochondrial ROS can have cell-type-specific consequences™ ..
Astrocytes exhibit higher basal mitochondrial ROS production than
neurons™®, Inastrocytes, this mitochondrial ROS production is func-
tionally coupled to metabolism through the engagement of robust
antioxidant programmes®**¢, In neurons, by contrast, a weaker
redox-buffering reserve makes increases in mitochondrial ROS more
likely to increase mitochondrial vulnerability. Indeed, experimen-
tally increasing neuronal glycolytic flux in mice, which induces mito-
chondrial redox stress, compromises mitochondrial integrity and
quality control®,

Calcium handling and organelle coupling

Mitochondria regulate intracellular Ca* signalling by shaping cyto-
solic Ca* transients and coupling Ca®* signals to local metabolic
output. Ca*" enters mitochondria via the mitochondrial calcium uni-
porter (MCU), aselective channel complexin the inner mitochondrial
membrane whose activity is controlled by Ca**-sensing mitochon-
drial calcium uptake (MICU) proteins®* (Fig. 1). Neurons express the
brain-enriched MCU regulator MICU3, which lowers the Ca** thresh-
old for MCU opening and thereby facilitates Ca*" uptake during neu-
ronal activity*. In dendrites, but not in axons*, this uptake is shaped
by mitochondria-endoplasmic reticulum (ER) contact sites, which
position mitochondria near ER Ca®* release sites and generate local
Ca? microdomains that favour MCU-mediated entry®*. In this way,
ER-derived Ca** signals are converted into mitochondrial Ca** transients
and contribute to downstream signalling. In parallel, mitochondrial
Ca* uptake can transiently upregulate mitochondrial metabolism
to match ATP production to synaptic activity both presynaptically*
and postsynaptically®>®”. Importantly, by shaping Ca?* dynamics and
coupling them tolocal energy supply, mitochondrial Ca® handling can

influence both presynaptic neurotransmitter release®®”’° and postsyn-
aptic Ca**-dependent plasticity’’%. Thus, mitochondrial Ca*" handling
provides a precise way for neuronal activity to be coupled tolocal ATP
production, neurotransmitter release and plasticity-related signalling.

Neurotransmitter supply and turnover
Mitochondrial metabolisminfluences neurotransmitter availability by
supplying core metabolic intermediates and by harbouring enzymes
that synthesize or degrade neurotransmitter molecules (Fig. 1).
Amajor exampleis the glutamine-glutamate-GABA cycle.Inneurons,
mitochondria convert astrocyte-derived glutamine to glutamate via
the mitochondrial enzyme glutaminase (GLS1), and glutamate is the
immediate precursor for GABA synthesis in inhibitory neurons™’*.
Glutamate and GABA can also be oxidized to support mitochondrial
metabolism when required”’¢, although neurons generally prioritize
maintaining transmitter pools and tend to consume glutamate as an
energy fuel primarily under metabolic stress”. Inaddition, mitochon-
drial metabolism produces a supply of acetyl-CoA, the precursor for
cytosolic acetylcholine synthesis in cholinergic terminals”’%,
Mitochondria also shape monoamine (dopamine, serotonin
and norepinephrine) availability and turnover through monoamine
oxidases (MAO-A and MAO-B) on the outer mitochondrial membrane”.
MAOs catalyse monoamine breakdown, which contributes to the regu-
lation of neurotransmitter levels at synapses. In dopaminergic termi-
nals, MAO-dependent dopamine breakdown can additionally enhance
mitochondrial electron transport activity, thereby helping to meet the
typically high bioenergetic demandsimposed by phasic dopaminergic
signalling®. Given that neurotransmitter availability and clearance
are central to synaptic signalling and excitatory-inhibitory balance,
mitochondrial control of neurotransmitter synthesis and turnover
providesadirectroute by which cellular metabolic state can constrain
synaptic and circuit function.

Mitochondrial dynamics and quality control

Sustained neural activity imposes cumulative wear on mitochondria,
making ongoing remodelling, turnover and surveillance essential
(Fig. 1). Because synaptic function depends on maintaining mito-
chondriathatareboth functional and appropriately distributed across
different neuronal compartments, mitochondrial dynamics and quality
control are critical for shaping the neuronal and synaptic architecture
of circuits — including dendritic and axonal organization, synapse
stability and connectivity — and the capacity for activity-dependent
plasticity® 5,

Mitochondrial fusion merges individual mitochondria and
mixes their contents (including metabolites and mitochondrial DNA
(mtDNA)), which helps to support mitochondrial functions under
changing demands. By contrast, mitochondrial fission splits mito-
chondria into smaller units, which facilitates their redistribution to
partsofthe cellinwhichthereis a highenergy demand and the removal
of damaged mitochondrial parts®. These processes are carried out by
conserved dynamin-family GTPases, with mitofusins1and 2 (MFN1and
MFN2) and OPA1 driving fusion, whereas dynamin-related protein 1
(DRP1) drives fission.

Damaged or depolarized mitochondrial fragments, typically
segregated through fission, can be removed through mitophagy®®”,
a clearance pathway that prevents dysfunctional mitochondria from
accumulating. In parallel, mitochondrial biogenesis and mitochon-
drial gene expression can rebuild mitochondrial components and
capacity®**. Together, coordinated fission-fusion, selective clearance
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and replenishment contribute to the maintenance of mitochondrial
competence over time and preserve the mitochondrial outputs that
circuitsrely on, including ATP supply, Ca* buffering and redox signal-
ling. When mitochondrial quality control is compromised, multiple
mitochondrial outputs can deteriorate, increasing the likelihood of
synaptic dysfunction and impaired circuit adaptability. Accordingly,
fission-fusion balance, mitophagy and biogenesis can regulate syn-
apse stability and plasticity and, consequently, have been found to be
essential for mitochondrial contributions to cognition and behaviour.

Although neurodevelopment is beyond the scope of this Review,
work on neuronal differentiation and adult neurogenesis suggests that
fission-fusion dynamics can regulate neuronal state transitions and
the capacity for plasticity*®** .

Neuronal mitochondria shape circuits

Neural computations depend on the maintenance of neuronal struc-
ture and synaptic connectivity, along with properly tuned intrinsic
and synaptic excitability, even as their molecular underpinnings are
continuously renewed. This stability is supported by homeostatic
and compensatory processes that maintain network architecture
and recalibrate its intrinsic and synaptic properties over days to
weeks'. At the same time, circuits must remain flexible; over hours
toweeks, internal state (such as hormonal milieu, sleep-wake history,
energetic state or prior experience) can shift neuronal excitability,
synaptic stability and coding precision'""%, Mitochondria are central
to this balance between stability and flexibility because their differ-
ent functions control key cellular processes that shape neuronal and
synaptic function?>?**!°* In the sections below, we first discuss how
mitochondrial availability, positioning and state regulate baseline
neuronal circuitry, and then consider how synaptic mitochondria
support neurotransmission and activity-evoked plasticity.

Regulation of baseline circuit architecture

Here, baseline circuit architecture refers to the relatively stable
neuronal and synaptic organization of a circuit — including den-
dritic arborization, axonal projections, and synapse number and
stability — thatis maintained over time and sets the structural context
forinformation processing and activity-evoked plasticity. This architec-
tureis sustained by ongoing local maintenance processes that depend
on mitochondria being available within specific neuronal compart-
ments (Fig. 2). Such processes include the production of ATP for the
maintenance of neuronal structures and their connectivity, and mito-
chondrial dynamics and renewal help to preserve the competence and
compartment-specific distribution of the mitochondrial population
over time; together, these processes help to preserve synaptic and den-
driticintegrity'®"%, Given that dendrites and axons are spatially seg-
regated compartments that can experience rapid, partlyindependent
fluctuationsin energy demand and Ca** fluxes?, local ATP supply and
Ca? buffering must be matched to these fluctuations to prevent desta-
bilization of dendritic and synaptic structures. Accordingly, mitochon-
drial support must be positioned in a compartment-specific manner
across the extended neuronal arbour, a challenge that is accentuated
by the complex geometry of highly branched dendrites and long axons.
Consistent with this principle, disruption of mitochondrial trafficking
inmice leads to dendritic remodelling in vivo'°®. To enable mitochon-
dria to support these compartment-specific demands, mitochon-
dria are transported along microtubules'* and selectively retained
(captured) near synapses and other regions of high energy demand
through regulated pausing and docking'’. Capture mechanisms

include Ca**-dependent arrest of motility"""? and metabolic signal-
ling pathways (such as O-GIcNAcylation and AMPK-linked signalling)
that couple cellular energetic status to mitochondrial motility and
anchoring™ ™, As neurons mature, mitochondrial motility declines
and mitochondria become more stably positioned within neuronal
processes®''*7 making compartment-specific differences in
mitochondrial availability a persistent feature of neuronal organization.

In most rodent forebrain neurons, dendritic mitochondria are
predominantly confined to dendritic shafts, in which they often form
elongated domains that occupy extended segments of the shaft, and
areonlyrarely observed within small spines (withafew relevant excep-
tions, such as large CA3 thorny excrescences)"®. However, during peri-
ods of active spine and synapse formation (for example, during
developmental synaptogenesis and longer-term activity-dependent
synaptogenesis), mitochondria canredistribute towards, and in some
cases enter, dendritic protrusions such as filopodia and spines®.
Consistent with the view that mitochondrial availability in dendrites
can influence spine and synapse density, several mitochondrial
processes have been implicated in the formation and maintenance
of dendritic and synaptic architecture, including local ATP supply for
translation and structural maintenance near synapses*’, mitochondrial
biogenesis'° and mitochondrial dynamics (notably, fission-dependent
control of dendritic mitochondrial occupancy)®.

Similar principles apply to axonal architecture and presynaptic
boutons. Although only a subset of presynaptic boutonsin excitatory
neurons contains mitochondria (often less than 50% in hippocampal
CA1)"*°, boutons with mitochondria tend to be more stable than those
lacking mitochondria', which may contribute to heterogeneity insyn-
aptic capacity along a single axon. By contrast, in inhibitory boutons,
particularlyin fast-spiking parvalbumin-expressing interneurons, mito-
chondriaare found in most presynaptic sites, which may ensure that the
local ATP supply and Ca** handling are consistent with the high energy
demands of fast-spiking inhibition”'*>. More broadly, mitochondrial
dynamics and distributionin parvalbumininterneurons caninfluence
inhibitory circuit organization and network synchronization'”. In excit-
atory neurons, mechanisms that govern mitochondrial trafficking'*
and docking'** contribute to the regulation of presynaptic support
and axonal wiring, including axon branching'*'*,

Together, these findings indicate that variability in mitochondrial
biogenesis, trafficking, capture and turnover can regulate baseline
synapse number, bouton stability and, more globally, the neuronal and
synaptic architecture of circuits, with a clear potential to bias circuit
computations and, thus, shape the information-processing capacity
oftheindividual.

Neurotransmission and plasticity

Atsynapses, mitochondria provide spatially restricted support for both
neurotransmission and activity-dependent plasticity’>”. At presynap-
tic boutons, mitochondria regulate neurotransmission through two
tightly coupled contributions: regulating presynaptic Ca** dynamics
and supplying ATP?. Specifically, mitochondrial Ca*" uptake shapes
presynaptic Ca* transients and can thereby modulate neurotransmit-
ter release probability and bouton-specific plasticity®®**"*. During
sustained firing, there is a high ATP demand for vesicle cycling, and
mitochondrial OxPhos becomes increasingly important for sustain-
ing ATP availability*-'>*'. However, presynaptic ATP supply is not
exclusively mitochondrial. Local glycolysis can provide rapid and
spatially restricted ATP support at synapses and sustain key steps in
vesicle mobilization and recycling under basal or specific stimulation
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activity-evoked support mode, neuronal activity, behavioural demand and
plasticity drive mitochondria within specific cellular compartments to produce
certain outputs —including local ATP production, Ca? handling and redox
signalling — and influence mitochondrial dynamics. This supports synaptic
transmission, signal integration and plasticity”***”""2, Astrocytes, microglia and
oligodendrocytes shape the activity-evoked mode of neuronal mitochondria

by regulating substrate availability, redox and inflammatory signalling, synapse
remodelling and axonal metabolic support*?***/, The two modes are not mutually
exclusive but emphasize different timescales and functional roles, and they are
bidirectionally coupled.

conditions®*"'¥, Moreover, neuronal activity can enhance glucose
uptake and glycolytic flux, coupling synaptic demand to local cytosolic
ATP production*~*¢, This division of labour between glycolysis and
OxPhos is a central theme of the ‘synaptoenergetics’ framework?*'. Two
recent preprints further indicate that many cortical axonal mitochon-
driamay lack detectable mtDNA'?*'?’; given that mtDNA encodes essen-
tial subunits of ETC complexes and ATP synthase, as well as the core
RNA machinery needed for mitochondrial translation®?, this suggests
that a substantial fraction of axonal mitochondria may have limited
OxPhos capacity and that these mitochondria may instead prioritize
non-ATP outputs (such as Ca* buffering or redox signalling). Although
the consequences of these recent findings for our understanding of
synaptic energetics and plasticity remain to be fully elucidated, partial
genetic reductions of neuronal oxidative capacity in some contexts

have been showntobe compatible with neuronal survivaland toyield
comparatively subtle behavioural phenotypes™**,
Postsynaptically, synaptic activity regulates dendritic mito-
chondria by tuning their positioning and morphology through
activity-dependent changes in their motility and fission—-fusion bal-
ance and by remodelling their contacts with the ER 355 Mirroring
their presynapticroles, dendritic mitochondria influence postsynap-
tic signal integration by shaping local Ca** signalling microdomains
and providing ATP to support local biosynthetic demands*®’% In
this context, mitochondria-ER contact sites constrain the spread
and duration of Ca* signals"*™** and thereby contribute to synap-
tic function and dendritic spine morphology®**¢*>*¢_In parallel, as
local ‘energy reservoirs’, dendritic mitochondria supply ATP to sup-
port the local translation required for protein-synthesis-dependent
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synaptic plasticity and spine remodelling**'°%, Together, these Ca*'
and ATP microdomain effects can shift the induction threshold and
expression of long-term evoked plasticity (Box 1), providing a mech-
anistic route by which mitochondrial state can tune postsynaptic
responsiveness. Mitochondria can also regulate postsynaptic plastic-
ity through non-energy related signalling mechanisms: for example,
mitochondria-dependent caspase-3 activation has been shown to be
required for N-methyl-D-aspartate receptor (NMDAR)-dependent
long-term depression™,

Glial mitochondria support circuits

Glial cellsregulate the metabolic, redox and immune context in which
neural circuits operate and, thus, are positioned to influence both
baseline circuit state and the ability of circuits to be recruited during
behaviour. Here, we highlight the mitochondria-related functions of
glia that have been most directly linked to those roles: namely, astro-
cytic control of the metabolic substrates supplied to neuronal mito-
chondriaand redox buffering, the control of neuroinflammatory tone
and synapse-circuit coupling by microglial mitochondria, and oligo-
dendrocyte support of myelin and axonal metabolic integrity (which
inturn shapes neuronal mitochondrial performance) (Fig. 2).

Astrocytes

Neurons and astrocytes are tightly metabolically coupled. Astrocytes
support neuronal energy supply by providing oxidizable substrates
such as lactate and contribute to antioxidant support by buffering
ROS and sustaining glutathione-dependent redox homeostasis™?*.
Specifically, they convert glucose (and, when mobilized, glycogen)
into lactate, which they can release as an oxidative substrate to help
neuronal mitochondria to meet energetic demand®"*”*%, Notably,
lactate is not only a substrate for neuronal mitochondria but can also
engage signalling pathways that couple astrocytic metabolic activity
to neuronal excitability and plasticity, thereby contributing to memory
consolidation?28138139,

As noted above, astrocytes are described as comparatively
glycolytic®®"*°, but this glycolytic bias does not mean that mitochon-
drial function is dispensable in these cells. Because mtDNA encodes
essential subunits of the ECT complexes and ATP synthase, as well
as RNAs required for mitochondrial translation, mtDNA integrity is
required to sustain OxPhos capacity. Accordingly, in vivo disruption
of mtDNA maintenance in mouse astrocytes causes neuropathology,
indicating that mitochondrial genome integrity remains essential for
astrocyte homeostasis®**°. Furthermore, their distinct ETC regulation

Box 1| Mitochondrial functions that shape synaptic plasticity

Electrophysiological stimulation-based paradigms used to study
synaptic plasticity (including long-term potentiation (LTP)-like
protocols) have revealed that mitochondria contribute to the earliest
steps of plasticity induction, including presynaptic support of
neurotransmission and short-term plasticity, and to postsynaptic
signalling and long-term plasticity mechanisms.

Presynaptic mitochondria

Mitochondrial Ca?* uptake shapes residual presynaptic Ca? during
tetanic stimulation. Mitochondrial Ca? uptake during tetanic
stimulation can modulate the residual presynaptic Ca? that contributes
to synaptic facilitation, post-tetanic potentiation and presynaptic forms
of LTP (including mossy fibre LTP). Following such high-frequency or
tetanic stimulation, mitochondria can speed recovery from activity-
dependent synaptic depression by accelerating Ca* clearance’®?°%-2°,
Activity-induced regulation of mitochondrial Ca" uptake also drives
increased oxidative phosphorylation® (see below).

Mitochondrial ATP production sustains vesicle cycling during intense
stimulation. During the intense or repeated stimulation protocols that
drive synaptic plasticity, the vesicle mobilization and recycling required
to sustain increased transmitter release impose increased ATP demand.
Experimental evidence indicates that mitochondrial ATP production
contributes to meeting this demand*"'*/*',

Activity-dependent mitochondrial capture aligns ATP supply and
Ca” buffering in active axonal boutons. Activity-dependent capture
and anchoring of axonal mitochondria align local ATP supply and Ca*
buffering with sites of synaptic activity and can shape bouton-specific
short-term plasticity and reliability®®"“1?>,

Fuel context acts as a modulatory factor. The balance between
OxPhos and glycolysis during stimulation depends on the
experimental protocol’s stimulation pattern and duration, as well
as on the specific cellular compartment and substrate availability.
Local glycolysis can provide rapid ATP support at presynaptic

sites, including for synaptic vesicle mobilization and recycling™*“'.

By contrast, mitochondrial OxPhos is particularly critical when
sustained high-frequency activity imposes prolonged energy
demands®“®, Activity-dependent glucose uptake, glycolytic enzyme
organization, and metabolic regulation of mitochondrial distribution
and location further couple fuel state to synaptic plasticity. In specific
contexts, the demands of synaptic plasticity can also be met through
the metabolism of alternative substrates, including ketone bodies
and fatty aCid321,36,4‘l,43746,113,‘\27.

Postsynaptic mitochondria

Dendritic mitochondrial ATP supports local translation and structural
remodelling. Dendritic mitochondria, typically positioned in dendritic
shafts in the vicinity of spines, form spatially stable sites of ATP
production that contribute to the activity-driven local translation

that is required for enduring synaptic strengthening and spine
maturation81#658,

Mitochondrial Ca?* and redox microdomains influence plasticity
thresholds. Mitochondrial Ca* transients near stimulated dendritic
spines scale with firing frequency and spike timing and can act as local
signals during Hebbian pairing protocols’®”. Transient mitochondrial
reactive oxygen species (ROS) events (‘mitoflashes’) near stimulated
spines have been proposed to stabilize synaptic potentiation?®?.

Plasticity induction triggers rapid dendritic mitochondrial
remodelling. Induction of N-methyl-D-aspartate receptor (NMDAR)-
dependent LTP can trigger a rapid burst of dynamin-related protein 1
(DRP1)-dependent dendritic mitochondrial fission, which is required
for structural plasticity and long-term potentiation”'.

Thus, mitochondria act in both presynaptic and postsynaptic
compartments as ‘gain controllers’ that regulate the induction
threshold and the persistence of plasticity mechanisms that support
learning and memory by coupling neuronal and synaptic activity to
local bioenergetic output, Ca? dynamics and ROS signalling.
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(including the organization of complex I (the first protein complex
in the ETC) into supercomplexes) is associated with their higher
basal mitochondrial ROS (mROS) generation under physiological
conditions®. Rather than being solely an OxPhos by-product, astrocytic
mROS can act as signalling molecules that regulate metabolic path-
ways and antioxidant programmes and thereby shape the metabolic
milieu that supports neuronal resilience and behaviour®*#¢°, In vivo
datashow that astrocytic mitochondriacan also oxidize fatty acids to
preserve ETC configuration, sustain physiological mROS signalling
and support normal cognitive performance’.

Neuromodulators canregulate astrocytic mitochondrial outputs,
with behavioural consequences. For example, activation of mitochon-
drial cannabinoid receptor 1 (CB1) receptors (mtCB1) in astrocytes
alters ETC complex I stability and lowers astrocytic mROS; given that
physiological mROS help to sustain astrocytic glycolytic flux, this
reduces lactate production (and, thus, lactate supply to neurons)**.

Microglia

Although less studied than astrocytes and neurons, mitochondrial
metabolismisincreasingly recognized as a determinant of microglial
state and neuroinflammatory tone, with potential consequences
for synaptic and circuit function'**'**, Mitochondrial impairment in
microgliacanamplify inflammatory cascades; for example, microglial
mitochondrial dysfunction augments NLRP3 inflammasome activation
andinterleukin-1p (IL-1B) release in cell cultures and animal models of
Parkinson disease'®. In addition to its influence on cytokine produc-
tion, mitochondrial control of microglial metabolism can regulate
phagocytic capacity, providing a route by which microglia may influ-
ence synapse remodelling and circuit wiring relevant to behaviour™.
Moreover, microglial complex I activity has been shown to drive ROS
productionviareverse electron transport, driving neuroinflammation
in vivo as shown in an experimental model of multiple sclerosis®.

Oligodendrocytes

Oligodendrocytes support axonal function through myelination and
through metabolic interactions that help to sustain axonal energy
balance'’. During oligodendrocyte generation (here referring to the
differentiation and maturation of oligodendrocyte progenitor cells into
myelinating oligodendrocytes), mitochondria undergo network remod-
elling, including changes in mitochondrial content, morphology and
subcellular distribution within oligodendrocyte processes and newly
forming myelinsheaths'®, In addition to enabling fast, energy-efficient
axonal impulse propagation through myelin production, oligodendro-
cytes can supply metabolic substrates to axons, including glucose'”.
Moreover, mature oligodendrocytes can rely heavily on glycolysis'™°
and can therefore provide lactate and pyruvate to neurons via mono-
carboxylate transporters'’. These metabolites can be used by axonal
mitochondria and are important for long-term axonal integrity*"".
Oligodendrocytes canalso transfer the NAD"-dependent protein dea-
cetylase SIRT2 to axons, which hasbeenreportedto support axonal bio-
energetics via deacetylation of mitochondrial proteins™. Accordingly,
the contributions of oligodendrocytes to circuit functioning may often
depend less on maximizing oligodendrocyte ATP output and more on
metabolic coupling that indirectly shapes axonal mitochondrial per-
formance. Importantly, the oligodendrocyte plasticity that has been
implicatedinlearning and memory (including experience-dependent
oligodendrogenesis and myelin remodelling)™> involves the generation
and remodelling of myelin sheaths — processes that are accompanied
by marked remodelling of oligodendroglial mitochondria*® and are

sensitive to mitochondrial functionand quality control mechanisms"™*.

Although the implications of these observations for behaviour and
cognition remain to be established, these findings suggest that oligo-
dendrocyte mitochondria provide metabolicand homeostatic support
for adaptive myelination and thereby can influence circuit processes
relevant for behaviour and cognition.

An integrated dual-mode framework

The mechanisms described above can be organized around two com-
plementary modes through which mitochondria in neurons and glia
shape circuit computations (Fig. 2). In afirst, baseline support mode,
mitochondrial capacity, distribution and quality control establish
the cellular and extracellular conditions that maintain circuitarchitec-
ture and regulate baseline physiological conditions in the long term
andinastate-dependent manner. This baseline mode determines the
circuit’s operating range and thus provides a substrate for trait-like
differencesincircuit readiness (here defined as the circuit’s propensity
toberecruited and to generate reliable activity patternsinresponse to
agiveninternal state, task or environmental demand), stability and
resilience while also constituting an interface by which prolonged
changesininternal states (for example, inflammatory tone or energetic
status) or sustained environmental exposures (such as famine, toxins
or chronicinfections) can durably shift those baseline constraints. In
asecond, activity-evoked mode, neuronal mitochondriaare recruited
during circuit engagement (here defined as the task-dependent or
state-dependent activation of neuronal ensembles and associated
glial responses during behaviour) to provide local metabolic and sig-
nalling support that sustains synaptic transmission and implements
plasticity rules during behaviour. This occurs within a glial context
that regulates substrate availability, redox buffering and inflammatory
tone. Below, we use this framework to interpret causal evidence linking
mitochondria to cognition and behaviour across several domains.

Mitochondria in cognition and behaviour
Theideathat mitochondrial functioninfluences cognition and behav-
iour has shifted in recent years from broad association to a growing
body of causal evidence. Many associations have been reported in
conditions involving ageing-related neurodegeneration, neurotoxic
insults or obesity™*>"*¢, in which memory deficits co-occur with impair-
mentsin multiple mitochondrial components across brain regions™” ',
However, these conditions are associated with widespread physiologi-
cal alterations, making causal attribution difficult. The shift towards
mechanistic understanding and causal evidence has been enabled by
toolsthat can be used to measure and manipulate mitochondrial mol-
ecules and functions with increasing cell-type and circuit specificity,
coupled to approaches that can be used to quantify circuit engage-
ment during specific behaviours. Additionally, progress in metabolism
research that has reframed mitochondria as multifunctional signalling
organelles rather thanjust ATP producers has strengthened integrative
views of mitochondrialinfluencein body-braininteractions. Below, we
highlight key emerging work providing evidence for the contributions
of mitochondria to learning and memory, reward and reinforcement,
and state-trait anxiety and motivation, interpreting this evidence
through the dual-mode framework introduced above.

Mitochondriainlearningand memory

Learning and memory rely on synaptic and circuit plasticity mecha-
nisms that are metabolically demanding and tightly coupled to Ca**
and redox-dependent signalling. At synapses, mitochondria contribute
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to plasticity through the interdependent functions introduced in the
previous sections. Work using paradigms in which synaptic plasticity
is electrophysiologically induced has established how presynaptic
and postsynaptic mitochondria couple activity to synaptic plastic-
ity (Box 1), providing a mechanistic foundation for understanding
how mitochondrial functions are engaged in vivo duringlearning and
memory20,21,49,160.

In addition to providing on-demand metabolic support during
learning and synaptic activity, accumulating evidence indicates that
memory formation is associated with enduring mitochondrial adap-
tations (such as changes in positioning, dynamics and gene expres-
sion) that align mitochondrial functions with the demands of circuit
remodelling and stabilization'®*, This has motivated the view that
mitochondrial ‘plasticity’is anintegral component of memory forma-
tion; thatis, activity-decoding programmes drive mitochondrial state
changes that constitute part of the cellular programmes supporting
the persistent synaptic changes underlying memory consolidation®.

Across species, recent evidence supports this view. In Drosophila
melanogaster, upregulated metabolism in the mushroom body was
implicated in long-term memory formation by a study that estab-
lished that mitochondrial pyruvate metabolism is required to meet
the energetic demands imposed by memory consolidation'®*. Further
work showed that spaced training drives sustained mitochondrial
adaptationsin mushroombody neurons, including enhanced pyruvate
flux into mitochondria, dopamine-triggered and PKC6-mediated
enhancement of mitochondrial pyruvate metabolism and redistribu-
tion of mitochondria towards axons — changes that are required for
long-term memory formation'®'*, This evidence is complemented
by other work in Drosophila showing that neural activity and meta-
bolic flux are tightly coupled across brain networks and behavioural
states'. In rodents, training in a striatum-dependent task increases
mitochondrial engagement (indicated by an increase in mitochon-
drialmembrane potential and Ca* levels), and post-training complex
linhibitionin the dorsal striatum alters memory retention'®. Further,
learning-related neuronal activation enhances the transcription of
mtDNA-encoded genesinvolved in OxPhosin dendritic mitochondria
near active synapses through a process involving Ca**~-CAMKII-CREB
signalling; this pathway declines with age but can be boosted to mitigate
memory decline'®. Consistent with the suggestion that mitochondrial
outputs are rate limiting for memory formation in some contexts,
acute enhancement of mitochondrial respiration (using DREADDs)
orincreased mitochondrial Ca* retention in learning-relevant circuits
improves long-term memory in mice and flies™*'*’,

Atthelevel of circuit architecture, ultrastructural 3D reconstruc-
tions place changes in mitochondrial features among the changes that
constitute synaptic remodelling associated with consolidated memory.
For example, in memory-relevant circuits in mice after fear condition-
ing, presynaptic connectivity is expanded through the generation of
multisynaptic boutons (single boutons contacting multiple spines),
and presynaptic mitochondria are preferentially associated with these
boutons and with synapses that have larger postsynaptic densities'**"”°.
Thisis consistent with theidea that mitochondrial supportis matched
tostrengthened synaptic transmissionand increased information stor-
age capacity'®. Inauditory cortex in mice, fear conditioning alsoleads
toashift towards more numerous, smaller presynaptic mitochondria'®,
which aligns with evidence that dendritic mitochondrial fission can
be required for the expression of long-term potentiation (LTP)” and
memory formation"" and supports the view that fission-fusion remod-
elling can contribute to synaptic remodelling, strengthening and

stabilization during memory consolidation. Together, these findings
indicate that mitochondrial allocation and remodelling are coordi-
nated with memory-linked synaptic strengthening, positioning mito-
chondria as integrated components of the structural and functional
substrates of memory consolidation.

Mitochondrial contributions to learning take place within a
broader metabolic networkin which glial cells regulate the availability
of metabolic substrates and redox signalling. In rodents, there is evi-
dencethattheastrocyte-neuron lactate shuttle contributes tomemory
consolidation”®"*"”? implying that mitochondrial oxidation of lactate
provided by astrocytes supports memory consolidation'”>. Evidence
suggests that this mechanism helps to meet the energy demands of
learning-induced de novo neuronal translation'”. In addition, lactate
can function as a signal that couples activity-dependent astrocytic
metabolic engagement (increased glycolytic flux and lactate release)
to NMDAR-dependent synaptic plasticity and long-term memory
formati0n28,138,139,175‘

The dependence of neurons on oxidative metabolism of glia-
supplied substrates arises from the weak glycolytic profile of neurons®’;
however, this should not be read as an absolute inability of neurons to
useglucose. Datafromrodent studies of dentate granule neurons and
fromneuronal preparations with limited astrocytic contribution indi-
cate that, under certain cellular or experimental conditions, neuronal
stimulation can increase glycolytic flux within neurons rather than
requiring lactate uptake from astrocytes as an obligatory substrate
source**"%; conversely, external lactate can reduce neuronal glucose
consumption, suggesting flexible substrate selection rather than a
single obligatory pathway. In D. melanogaster, similar glia-to-neuron
metabolic coupling supports memory using alanine rather thanlactate
asthe glia-derived substrate?.

Astrocytic redox programmes can also regulate the metabolic
milieuto support memory-related plasticity. Forexample, in vivo evi-
dence in mice indicates that the high basal mitochondrial ROS levels
in astrocytes support astrocyte-neuron metabolic and redox cou-
pling relevant for memory, as lowering astrocytic mitochondrial ROS
alters astrocytic glucose and glutathione metabolism, compromises
neuronal integrity and impairs novel object recognition memory®.
Furthermore, astrocyte OxPhos has been shown to be particularly
relevant to learning when task demands result in a greater cognitive
load or stressful conditions, as astrocyte-specific OxPhos impair-
ment in mice disrupted trace fear conditioning while not affecting
conditioned place preference'”’. Together, these findings suggest
that glia-to-neuron metabolic coupling helps to regulate memory
consolidation by aligning metabolic support to neuronal mitochondria
with memory-related plasticity demands while also indicating that
the relevant substrate routes can vary across cell types, circuits and
experimental contexts.

In line with the dual-mode framework of mitochondrial action
described above, the findings reviewed here suggest that mitochondria
both provide activity-evoked support during learning and undergo
longer-lasting adaptations that help to stabilize the remodelled
circuit state.

Mitochondriainreward and reinforcement

Reinforcement refersto learning processes by which outcomes alter the
future probability of actions, choices or responses to cues by updating
their value, frequently through prediction error signals. Given that
reinforcement relies on synaptic plasticity mechanismsin value-related
andreward-related circuits, it builds on the mechanisms outlined above
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through which mitochondria supportsynaptic transmission and plas-
ticity. Indeed, agrowingbody of mechanistic evidence links mitochon-
drial functions to reinforcement-related (motivated) behaviours.
Much of this work converges on ventral striatal circuits, particularly
those involving the nucleus accumbens (NAc), which assign value to
reward-related stimuli, actions and internal states to guide incentive-
and reinforcement-related behavioural outputs'”®, Across the NAcand
otherreward-related regions, including the mouse mesocorticolimbic
circuitand, ininsects, the mushroom bodies and adjacent regions,
transcriptional profiling after exposure to appetitive or high-value
foods oraddictive substances has frequently implicated mitochondrial
(and endoplasmic reticulum) gene programmes in responses to these
stimuli”’®!, However, these transcriptional signatures are broad, and
the evidence s largely correlational.

A prominent mechanistic line of evidence for a mitochondrial
contribution to reinforcement-related behaviour implicates mito-
chondrial fission in drug-driven reinforcement. Using mitochondrial
dynamics readouts in mice, Chandra et al."®> showed that repeated
cocaine intake promotes dendritic mitochondrial fragmentation.
Furthermore, pharmacological inhibition of mitochondrial fissionand
genetic manipulations of the fission GTPase DRP1 selectively in NAc
dopamine D1receptor-expressing medium spiny neurons (D1-MSNs)
attenuate cocaine seeking while blunting cocaine-induced neuronal
engagement and excitatory synaptic plasticity in D1-MSNs. These
findings support the hypothesis that DRP1-dependent fission pro-
motes reinforcement by enabling cocaine-driven excitatory synaptic
strengthening and neuronal recruitment by increasing the local availa-
bility and turnover of mitochondriarequired for activity-evoked bioen-
ergetic, Ca® and redox support. Inmice, cocaine also drives increased
expression of genes that coordinate mitochondrial remodelling more
broadly, including those encoding the transcription factor EGR3 and
the mitochondrial gene expression and biogenesis coactivator PGC-1a,
whose MSN subtype-dependent regulation has been causally linked to
cocaine-conditioned behaviours and locomotor sensitization'®*'**,

The redox state of neurons in NAc (which is influenced by mito-
chondrial ROS production) has also been linked to the ability to sustain
reward-based effortful behaviour over time. For example, oxidative
stress associated with mitochondrial dysfunction has beenimplicated
in the decline of sexual motivation in aged male rats'®. More direct
NAc-anchored evidence for the importance of redox state comes from
a study using ultra-high field magnetic resonance spectroscopy in
rodents and humans, which identified NAc glutathione levels as a
strong predictor of sustained reward-based effort; inrodents, experi-
mentally increasing or decreasing NAc glutathione bidirectionally
tuned performance and associated synaptic measures’®.

These findings suggest that mitochondria-driven oxidative stress
inthe NAc, and the extent to whichit can be buffered, canact as abase-
line constraint on sustained motivated performance, whereas repeated
exposure to a reward (such as an addictive drug) recruits mitochon-
drial remodelling programmes that support experience-dependent
reinforcement. Importantly, reinforcement-related mitochondrial
adaptations are not restricted to neurons. Opioids such as morphine
have beenreported toinduce fission-linked mitochondrial fragmenta-
tion in other NAc cell types, including astrocytes and microglia, with
astrocyte-targeted DRP1 manipulations blunting opioid-conditioned
preference'®.

In this behavioural domain, the dual-mode framework can be
applied to distinguish the baseline mitochondrial support con-
straints that shape motivational capacity from the activity-evoked

mitochondrial remodelling programmes that are induced by
repeated drug exposure to promote circuit engagement and
reinforcement-related synaptic plasticity.

Mitochondriain state-trait anxiety and motivation

Anxiety varies along several dimensions across individuals and contexts
and can be expressed both as a stable trait and as a transient state.
As a trait, anxiety contributes to inter-individual differences in stress
susceptibility, with high trait anxiety conferring increased vulnerabil-
ity to stress-related outcomes, including depression'®°°, Anxiety
is known to be tightly coupled to motivated behaviour: in humans
and animals, threat anticipation and avoidance (both anxiety-related
behaviours) modulate reward pursuit, effort allocation and social
competitiveness” ', whereas, at clinical extremes, anxiety and moti-
vational blunting frequently co-occur in people with depression'.
Inline with this overlap, the mesolimbic circuits — including the ventral
striatum — that assign incentive value and drive reinforcement are
also sensitive to internal threat-related state, providing a conceptual
link to the reinforcement-related mechanisms discussed above'**'*,
Mitochondrial mechanisms have been shown to shape anxiety-related
phenotypes and their links with motivated behaviours and social
function'®. The evidence in this area, discussed below, spans differ-
ent levels of inference. Human studies and animal models of natural
variation provide convergent associative links, whereas causal support
comes primarily from experimental manipulations of mitochondrial
functions or regulators in specific cell types and brain regions.

Genetic evidence, including studies of the effects of mtDNA
variation in humans and experiments involving targeted perturba-
tions of genes encoding mitochondrial regulators in animal models,
supports an important contribution of mitochondrial function to
anxiety-related phenotypes'”'*®. These findings are consistent with
evidence for elevated anxiety symptoms (often with motivational defi-
cits) in people with primary mitochondrial disorders™>*"2°% Inline with
these observations, interventions that boost mitochondrial OxPhos
or antioxidant capacity in rats and mice tend to reduce anxiety-like
behaviours, whereas disrupting these processes has the opposite
effect,

In addition toits role in effort-based performance, the NAc has
recently emerged as a key locus in which mitochondrial capacity can
bias anxiety-related behaviour. In studies leveraging natural variation
inanxiety levels in genetically heterogeneous rats, high-anxiety indi-
viduals show structural and functional alterations in NAc MSNs (includ-
ingreduced dendritic complexity and lower density of mature spines,
reduced excitatory inputs and blunted recruitment during motivated
behaviour), when compared with low-anxiety animals, alongside
effort-based motivational deficits, including increased vulnerability
tosocial subordination during social competition®!8¢19%19420320¢ Thege
circuit alterations are accompanied by impaired mitochondrial ETC
function and ATP production, elevated oxidative stress and reduced
engagement of mitophagy-related pathways'®*1°>2°>2% (Fig. 3). Impor-
tantly, these associations are complemented by causal mechanistic
evidence from interventions and targeted manipulations that alter
mitochondrial functions or their regulators in the NAc and produce
corresponding changesin cellular, circuit and behavioural phenotypes.
For example, NAc-targeted suppression of mitochondrial ETC func-
tion in rats promotes social subordination — an anxiety-associated
outcomeinsocial competition that also reflects reduced competitive
drive — whereas enhancing mitochondrial functions with intra-NAc
nicotinamide'*? or supplementation with the mitophagy booster
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Fig.3|Baseline mitochondrial constraints shape circuit readiness and
behavioural phenotypes. Conceptual schematicillustrating a proposed
hierarchy through which enduring variation in mitochondrial functions can
influence behavioural traits, progressing from organelle-level mitochondrial
properties to neuronal structure and synaptic physiology, circuit activity

and behavioural output. Arrows indicate proposed biological links across
levels rather than astrictly linear or deterministic pathway. The colour coding
distinguishes phenotypes associated with low-anxiety/higher-motivation and
high-anxiety/low-motivation traits. The figure is inspired by work leveraging
natural variation in genetically heterogeneous rats, in which variation in nucleus
accumbens medium spiny neuron mitochondrial proteins and pathways
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(including adenosine triphosphate (ATP) production, reactive oxygen species
(ROS) levels and mitophagy/quality control) is associated with, and in some cases
causally linked to, changes in dendritic branching, spine maturation, excitatory
input and circuit recruitment during motivated behaviours, and thus contributes
to variation in trait anxiety and motivated performance’®*"*>232% Specifically,
compared with low-anxiety animals, the high-anxiety/low-motivation animals
show reduced dendritic complexity and a lower density of mature spines,
consistent with comparatively weaker excitatory input and connectivity,
providing a plausible substrate for reduced neuronal recruitment during
behavioural performance and, consequently, reduced effort exertion and higher
anxiety-related behaviours.

urolithinAinhigh-anxiety ratsrescues anxiety and effort-based motiva-
tional phenotypes together with mitochondrial and circuit parameters
while normalizing deficits in multiple mitochondrial gene pathways®®.
Afurther critical mechanisticinsight comes from the observation
that Mfn2 expression in NAc MSNs varies inversely with trait anxiety,
together with gain-of-function and loss-of-function manipulations
showing causality. Specifically, restoring MFN2 levels in NAc MSNs
in high-anxiety rats reduces anxiety-like behaviour and improves
effort-based motivation while shifting mitochondrial respiration,
mitochondria-ER contacts and MSN structural and synaptic features
towards the profile observed in low-anxiety animals®”. Conversely,
cell-type-specific downregulation of Mfn2in D1-MSNs and D2-MSNs in
non-anxious mice is sufficient to recapitulate the key anxiety-related
and motivation-related phenotypes seen in high-anxiety animals,
together with corresponding mitochondrial and circuit alterations***.
Independent observationsin mice indicate that early life stress, which
produces long-lasting changes in anxiety and social behaviours, leads
toenduring reductionsin Mfn2 expression in NAc MSNs?°°, The particu-
lar relevance of the NAcin the link between mitochondrial functionand
anxiety is further underscored by abrain-wide analysis in mice showing
that NAc mitochondrial health (acomposite measure of mitochondrial
energy-transformation capacity) was among the strongest regional
correlates of anxiety-like behaviour®”. Altogether, these converging
associative and causal findings point to a baseline context in which
mitochondrial bioenergetics, redox balance and mitochondrial quality
control shape MSN connectivity and excitatory drive, determining NAc
neuronal recruitment during motivated behaviour and contributing to
trait-related variation in effort-based motivation and anxiety.

Notably, non-invasive proton magnetic resonance spectroscopy
(*H-MRS) provides convergent and largely associative evidence that
anxiety-related phenotypesinboth humansand rodents are associated
with in vivo metabolic signatures linked to mitochondrial functions.
Inrodents, anxiety-like behaviour and reduced motivation are associ-
ated withan NAc metabolic profile consistent with reduced energetic
capacity, and these deficits can be mitigated by acetyl-L-carnitine
supplementation**®?°°, In humans, high trait anxiety is associated with
lower levels of NAc taurine, ametabolite known to support mitochon-
drial function”’. In the motivational domain, higher NAc glutamine-to-
glutamate ratio predicts better effort-based performance and lower
perceived effortin humans®, whereas higher dorsomedial prefrontal
cortex (dmPFC) or dorsal anterior cingulate (dACC) lactate levels are
associated with greater aversion to physical effort*2. For mental effort,
admPFCand/or dACC multimetabolite signature involving glutamate,
aspartate and lactate predicts effort-based choices, with aspartate and
lactate positively correlating with aversion to mental effort, whereas
glutamate shows an inverted U-shaped relationship with willingness
to exert effort®”.

Pharmacological manipulations of anxiety state provide more
directevidence that NAc mitochondrial respiration can participatein
acute behavioural shifts. Specifically, in high-anxiety rats, the anxio-
lytic diazepam reduces anxiety-like behaviours and increases social
competitiveness?, consistent with greater competitive drive when
anxiety is lower'. This is associated with a selective increase in NAc
mitochondrial respiration and ATP levels, which returnto baseline after
diazepam is washed out’. Mechanistically, diazepam increases NAc
dopamine levels by acting in the ventral tegmental area to disinhibit
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dopamine neurons, and its effects on mitochondrial function and
behavioural outputs depend on NAc D1 receptor signalling. Nota-
bly, local inhibition of complex Iin NAc blocks diazepam’s effect on
social competitiveness, indicating that mitochondrial respiratory
capacity is required for this dopamine-dependent, state-sensitive
shift in competitive behaviour®. These findings exemplify an
activity-evoked route though which state anxiety can be modulated,
in which neuromodulator-driven (dopamine-dependent), reversible
boosts (or drops) in NAc mitochondrial respiration transiently change
local ATP availability and associated Ca** and redox conditions. Such
shifts may gate ATP-dependent synaptic transmission and excitability
(for example, via vesicle cycling and ATP-sensitive mechanisms such
as K-ATP channels) and, thus, alter the likelihood that NAc MSNs will
be recruited during ongoing behaviour™*. Consequently, this transient
change in circuit engagement could contribute to acute fluctuations
inself-confidence and state anxiety.

Mitochondrial involvement in anxiety is not restricted to NAc
circuits but extends to other anxiety-relevant brain regions and cell
types. For example, mechanistic studies in mice have shown that
chronic social defeat stress-induced elevations in anxiety-like
behaviour are causally linked to increases in mitophagy that weaken
synaptic transmission in an anxiolytic pathway that connects the baso-
lateral amygdala to the bed nucleus of the stria terminalis®. Although
mitophagy is generally protective for mitochondrialand cellularinteg-
rity, these findings demonstrate that excessive or mistimed mito-
chondrial elimination can deplete local energy reserves and blunt
synaptic efficacy, thereby shifting circuit computations towards anxi-
ety expression. Another study implicated ROS production through
UCP2 (a mitochondrial uncoupling protein that limits mitochondrial
ROS production) in ventral hippocampal microglia in the pruning of
synapses and circuit dysfunction leading to increased anxiety-like
behaviour, linking microglial metabolic state to circuit function and
anxiety-like behaviour®”.

Together, these findings illustrate that both modes of mitochon-
drial control are important for state-trait anxiety and motivation.
Mitochondrial capacity, redox balance and mitochondrial quality
control tune circuit readiness and trait-like emotional regulation and
motivation, whereas state-dependent recruitment or remodelling of
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Fig. 4| Behavioural and physiological regulators remodel brain mitochondria
toinfluence circuit function and behaviour. Different modulators of cognition
andbehaviour (including stress, nutrition, physical activity and drugs) engage
endocrine, immune and metabolic mediators (such as hormones, immune
signals, fatty acids and other metabolites) that can act on neuronal and glial
mitochondria. This produces changes in mitochondrial functions, such as oxidative
phosphorylation, adenosine triphosphate ATP and reactive oxygen species (ROS)

mitochondrial respiration, redox signalling and mitophagy during
circuit engagement can rapidly shift synaptic efficacy and anxiety
expression.

Factors that remodel brain mitochondria

Many internal and external factors that modulate cognition and
behaviour (such as psychological stress and immune activation) also
reshape mitochondrial function in the brain. Notably, neuronal and
glial mitochondria can be targets of endocrine, metabolicand immune
signals that caninfluence their outputsinamanner thatis relevant for
circuit function. Although this allows mitochondria to be dynamically
modulated during challenges and contribute to adaptive responses?®,
itcanalso confer vulnerability whenregulatory inputs are dysregulated
or when energetic demands are excessive. Accordingly, stress***7,
psychotropic drugs”®, exercise”’ and diet*° have all been reported
toimpair orimprove a diversity of mitochondrial functions. Although
direct mechanistic evidence linking these mitochondrial changes to
behavioural outcomes remains limited, the convergence of findings
supports the view that mitochondria represent an interface between
organismal state and circuit functionand, thus, are a plausible substrate
through which state-dependent and longer-lasting influences can bias
behavioural outcomes (Fig. 4).

Psychological stress

Stress has emerged as a potent modulator of mitochondrial function,
particularlyinbrainregionsinvolved inemotional regulation and cog-
nition, such as the hippocampus, PFC and NAc. Evidence from rodent
studiesindicates that acute stress leads to mitochondrial changes that
canemerge rapidly but whose kinetics and direction are highly depend-
entonbrainregion, celltype, stressor features and the mitochondrial
end point measured. Across studies and brain regions, acute stress has
been associated with transient changes in mitochondrial respiratory
function, remodelling of mitochondrial number and morphology,
and changes in mitochondrial gene expression and redox-related
metabolites® 2%, Stress also affects glial physiology, with reports
of reduced activity-dependent lactate shuttling, altered astrocytic
calcium activity and astrocytic hypertrophy®*, in alignment with the
view that stress can affect circuit functioning through changes in

Circuit computations
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production, Ca®* buffering and mitochondrial dynamics and quality control***¢72%°,
Such mitochondrial remodelling may influence circuit computations by shifting
baseline circuit readiness and/or by modifying activity-evoked recruitment during
circuit engagement?*?»#2 Thus, brain mitochondria are proposed to act as akey
intermediate in the pathway through which behavioural regulators affect a variety
of cognitive processes and behaviours.
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glial metabolic coupling and by altering the mitochondrial contextin
which synapses operate. Notably, some of the changes in mitochon-
drial gene expressioninduced by acute stress return towards baseline
levels within a day, consistent with state-dependent mitochondrial
remodelling”.

With chronic stress, most of the evidence points to dampened
mitochondrial functions, including reduced respiratory function or
alterationsin molecular bioenergetic pathways, along with reports of
dissipated membrane potential and ultrastructural alterations™* %2,
However, evenunder chronicstress exposure, molecular signatures can
show region-dependent and phenotype-dependent differences. For
example, inmice, chronicstressled to upregulation of OxPhos-related
genes in PFC in some studies*, and downregulation of mitochondrial
complexesinhippocampusin others?*’, whereas other work reported
opposing mitochondrial gene expression changes in two genetically
distinct mouse strains>*’. This growing set of data indicates that stress
is a strong modulator of multiple mitochondrial parameters in the
brain while underscoring that the direction and pattern of changes
aredependent onboth context and the susceptibility of the individual.

Direct evidence linking stress to mitochondrial function in the
human brainremains limited, largely owing to the methodological hur-
dles of assessing mitochondriainthe livinghuman brain with cellular,
compartmental and functional specificity. Human studies, therefore,
currently rely on convergentbutindirect approaches, including neuro-
metabolic imaging, post-mortem molecular profiling and peripheral
mitochondrial biomarkers. Recent post-mortem proteomic work
is starting to bridge this gap. For instance, a proteomic analysis of
post-mortem human brain tissue revealed bidirectional associations
between psychological well-being (a psychosocial phenotyperelated
tostress and resilience) and the abundance of complex I-related oxida-
tive phosphorylation proteins®”, suggesting that mitochondrial func-
tion may reflect stress-related variation in human brain biology. This
study complements work in peripheral tissues linking psychological
stress to mitochondrial markers that can be sampled longitudinally®**.
Methodological advances are also beginning to provide more spatially
resolved views of human brain mitochondrial biology. For example, a
recent study integrated respiratory function and oxidative capacity
to generate a voxel-resolved map of mitochondrial phenotypes in
post-mortem human brain, revealing substantial heterogeneity across
brain regions and cell types**. This approach provides a foundation
for interrogating mitochondrial function at systems-level resolution
and relating these measures to standard neuroimaging readouts.
Although the initial study was not designed to assess stress-related
effects, future studies that build on this approach may advance our
understanding of how stress interacts with mitochondrial biology in
the human brain. Additional implications for human biomarkers and
translational studies are discussed below.

Immune activation

Immune activation is a major regulator of brain function, with recog-
nized influences on cognition and emotion, and frequently co-occurs
(asbothacause and consequence) with psychological stress. Mitochon-
dria are integral to immune signalling®° and to microglial metabolic
state?*”**8, providing a mechanistic link between inflammation and
microglia-driven actions on synapses and circuits. Inrodent models of
immune challenge (for example, systemic endotoxin administration),
mitochondrial alterations have been reported across brain regions,
together with — and even preceding — impairments in cognitive
performance®’ ", At the cellular level, some studies have implicated

mitochondrial remodelling in microglia as part of the inflammatory
response, including changes in mitochondrial dynamics and metabolic
state’”?. Importantly, interventions targeting mitochondrial compo-
nents have been reported to attenuate inflammatory and associated
behavioural responses*®****, further implicating mitochondria as
functionally relevant in this context. Extending these observations
to development, studies involving gestational immune activation
reported alterations in mitochondrial parameters in the offspring
that persist across postnatal development®®.

Glucocorticoids

Several pathways have been proposed to link stress and other environ-
mental perturbations to mitochondrial remodelling in the brain, with
glucocorticoids (major hormonal mediators of the stress response)
actingviathe glucocorticoid receptor (GR) representing a prominent
candidate mechanism. When glucocorticoids bind to GR, the acti-
vated receptor cantranslocate to different intracellular compartments,
includingthe nucleus, in whichit regulates gene expression (including
nuclear-encoded mitochondrial genes), and to mitochondria, where
it has been linked to both functional mitochondrial modulation**
and regulation of mitochondrial gene expression®”. In neuronal cul-
tures, glucocorticoid exposure has been reported to modulate mul-
tiple mitochondrial outputs, including mitochondrial respiration,
membrane potential and calcium buffering, in adose-dependent and
time-dependent manner, consistent with a biphasic modulation of
mitochondrial physiology?*. Inaddition, BAG1, a GR-interacting factor
and target of mood stabilizers, has been implicated in regulating GR
localization to mitochondria and reported to buffer against chronic
corticosterone-induced motivational deficits in rodents*".

Translational implications

Although this Review focuses on normative cognition and behaviour,
the dual-mode framework provides translational insight into the
ways in which mitochondrial biology can impact clinically relevant
variation. Specifically, vulnerability or symptom expression in cogni-
tive and behavioural disorders (most notably, psychiatric disorders)
may arise, in part, from altered mitochondrial contributions to base-
line circuit support (such as altered mitochondrial reserve capacity,
redox state or quality control) and/or from altered activity-evoked
recruitment (such as the ability to match local ATP and Ca®* demands
during circuit engagement). Formulating mitochondrial contributions
tobehavioural and cognitive disorders as being trait-like (that s, stable
constraints on circuit capacity) or state-dependent (aberrations
in context-dependent recruitment) could bring new and useful
insights into disease mechanisms, as well as targets and timing
for intervention.

Most clinical studies of mitochondria as candidate biomarkers
in psychiatric disorders and related conditions rely on longitudinal
sampling of peripheral mitochondrial phenotypes, but the current
body of evidence shows substantial heterogeneity across studies and
isin need of harmonization®**>° Still, there isimportant and promis-
ing progress. Blood mtDNA copy number (mtDNA-CN) and related
measures have been linked to mitochondrial adaptations in multiple
behavioural brain disorders®*?and, ina recent meta-analysis, showed
disorder-specific associations in mood disorders*°. Interestingly,
maternal lifetime stress exposure that is accompanied by alterations
inpsychological functioning has beenreported to correlate with lower
placental mtDNA-CN** and higher placental mtDNA mutations™*,
which in turn have been linked to negative affect in offspring®>.
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However, mtDNA-CN findings vary across studies and may depend
onsample source (for example, whole blood versus peripheral blood
mononuclear cells, cellular versus cell-free mitochondrial material,
and within-subject temporal variability)****'. Moreover, mtDNA-CN
changes can reflect multiple underlying processes (such as shifts in
energy demand, oxidative damage, replication, degradation, biogen-
esis, ATP synthesis, mitophagy or inflammatory signalling), which
complicates any mechanistic interpretation®”**5,

Oneway toadvanceinthisareawould be torelate peripheral read-
outs to brain-specific and cell-specific mitochondrial programmes.
Human post-mortem molecular studies have proliferated in the past
decade, providingimportant evidence that converges with the rodent
circuitwork described above and thatis mostinformative when inter-
preted alongside experimental datasets that resolve brain-region
and cell-type specificity. For example, in people with cocaine
dependence, post-mortem NAc studies have identified changes in
mitochondria-related nuclear gene programmes, whereas rodent
NAc studies indicate that cocaine-induced transcriptional adapta-
tions can diverge between D1-MSNs and D2-MSNs'®***, In depres-
sion, which typically involves low motivational drive, mitochondrial
gene expression changes in the human PFC show overlap with those
observed in rodent chronic stress models*"*’. Moreover, discrepan-
cies between bulk-tissue human signatures and cell-specific animal
data have been observed, highlighting the need for cross-species,
cell-type-informed molecular atlases and emerging approaches
that better capture mitochondrial pathways beyond nuclear
RNA. Pursuing these approaches would be important to translate
the conceptual framework developed here into biomarkers and

Box 2 | Outstanding questions

intervention strategies that are mechanistically interpretable and
behaviourally predictive.

Conclusions

Brain mitochondria are multifunctional organelles whose outputs
help toshape neural computations and contribute to inter-individual
differences in cognition and behaviour through two complementary
modes of action (Fig. 2). First, in a baseline support mode, mitochon-
drial capacity, distribution and quality control programmes provide
the bioenergetic support and signalling processes that establish and
sustainkey cellular properties and components of circuit architecture
and its functioning over time. This baseline regulation constitutes
a crucial regulatory substrate through which genetic background,
developmental influences, and enduring organismal states are trans-
lated into differences in neuronal and glial physiology that regulate
circuit structure and function, with downstream consequences for
cognitive and behavioural capacities and stable, trait-like behavioural
phenotypes. Second, in an activity-evoked mode, mitochondria are
dynamically recruited within engaged circuits to meet fluctuating
demands imposed by information processing and ongoing behaviour
and toimplement plasticity mechanisms required for state-dependent
performance and experience-dependent adaptations.

Mitochondria thereby constitute a critical physiological control
layer that helps to explain major sources of variation in behaviour and
cognition. Importantly, behavioural and physiological regulators such
asstress hormones, metabolic signals andimmune activation can affect
mitochondrial states across timescales, reinforcing the role of brain
mitochondriaasacellularinterface throughwhichinternal states and

The dual-mode framework proposed in this Review raises several key
questions for future work, including how mitochondrial properties
vary across brain regions, cell types and individuals; how they relate
to baseline circuit readiness and activity-evoked recruitment; and
how these relationships are shaped by development, sex, organismal
state, experience and peripheral physiology. Specifically:
e Most studies have interrogated an individual mitochondrial
parameter in a single cell type, brain region or species.
A key challenge is therefore to build within-individual maps
of mitochondrial molecular composition and function across
brain regions and cell types. This will allow us to determine
how mitochondrial properties vary in relation to baseline
circuit readiness and activity-evoked recruitment, how this
shapes behavioural phenotypes and how these brain-specific
mitochondrial states relate to mitochondrial adaptations in the
periphery.
¢ Neural circuits may not maximize information processing at all
times. Instead, they may operate below their computational
ceiling to limit metabolic costs. It will therefore be important to
understand the extent to which behaviours and computations
across regions are constrained by bioenergetic budgets and under
which conditions targeted boosting of neuronal mitochondrial
capacity can improve circuit performance and behaviour in
hypometabolic states.
Mitochondrial DNA is maternally inherited; it will therefore be
important to understand the consequences of mtDNA variation

and heteroplasmy — the coexistence of different mtDNA variants
within cells or tissues — for neural circuit function and behaviour.

e The brain undergoes marked alterations across development,
particularly during key life milestones such as adolescence,
pregnancy and ageing. A key question is therefore how
mitochondria shape these changes and whether there are
bioenergetic ‘windows’ of vulnerability.

o With the emergence of sex differences in neural function and
mitochondrial biology, it will be important to understand
whether there are sex-specific energetic constraints and how sex
hormones interact with mitochondria to modulate behaviour.

o If mitochondria are key contributors to trait-like behavioural
phenotypes, it will be important to determine what their
operating range is, how much inter-individual variance in
cognition and behaviour can be attributed to mitochondrial
constraints and how reversible these trait-like phenotypes are with
mitochondria-targeted interventions.

o Evidence indicates that mitochondria and behaviour can influence
each other. We therefore need to consider how this bidirectionality
should be incorporated into causal accounts of mitochondrial
contributions to behavioural traits and states.

o Neural resilience requires tight coupling between different
metabolic routes. It will therefore be important to understand
how this coordination is maintained across brain states and how
its failure drives mitochondrial dysfunction and vulnerability in
neuropathological conditions.
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Glossary

Excitatory-inhibitory balance
The relative strength of excitatory and
inhibitory signalling in a circuit, which
together determine circuit excitability
and information flow.

Oxidative balance

The regulated balance between reactive
oxygen species (ROS) production and
antioxidant buffering that supports
redox signalling while limiting damage.

Glycolysis
A cytosolic metabolic pathway that
breaks down glucose to produce ATP.

Memory consolidation

The process by which newly acquired
information is stabilized into long-lasting
memory.

Mitochondrial biogenesis

The process by which cells produce
new mitochondrial material to renew or
expand the mitochondrial network.

Mitochondrial dynamics
Regulated changes in mitochondrial
shape, connectivity, movement and
positioning, including fission, fusion,
transport and anchoring.

Mitochondrial quality control
Cellular mechanisms that monitor,
repair, remove or replace damaged
mitochondrial components to maintain
mitochondrial function.

Mitophagy

The selective removal of damaged or
unnecessary mitochondria through
autophagy.

Motivated behaviour
Behaviour in which actions are
energized and directed towards
goals, or rewards or towards avoiding
aversive conditions.

Oxidative phosphorylation
(OxPhos). The process by which
mitochondria use nutrient-derived
electrons to produce ATP.

Oxidative stress

A state in which ROS exceed antioxidant
and repair capacity, disrupting cellular
function and potentially causing cellular
and molecular damage.

Reactive oxygen species

(ROS). Oxygen-derived molecules, such
as superoxide and hydrogen peroxide,
that can act as signals at physiological
levels but become damaging when
excessive.

Reinforcement

A learning process in which outcomes
change the future likelihood of actions,
choices or responses to cues.

State-trait anxiety

The distinction between transient
anxiety in a given situation and a stable
tendency to experience anxiety across
contexts.

Stress susceptibility

The degree to which an individual is
vulnerable to adverse behavioural or
physiological outcomes after stress
exposure.

environmental changes regulate circuit properties underlying cogni-
tion and behaviour. Accordingly, this framework places mitochon-
dria at the core of circuit and behavioural neuroscience, shifting the
emphasis from circuit architecture alone to the mechanisms through
which mitochondriaset baseline circuit readiness and enable adaptive
recruitment during behaviourally relevant activation. This also has
translational implications for psychiatry, particularly with regard to
the trait-like components of vulnerability, resilience and treatment
resistance, which can potentially arise from stable mitochondrial and
metabolic constraints on circuit characteristics. Outstanding questions
and priorities emerging from this framework are outlined in Box 2.
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